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Merging enriched Finite Element triangle meshes for fast prototyping of alternate solutions in the context of industrial maintenance
Introduction
Nowadays, the mainstream methodology for product behaviour analysis and conceptual solution assessment relies on the following steps: conceptual phase, Computer-Aided Design (CAD) modelling, meshing and simulation model preparation, Finite Element (FE) simulation, result analysis and optimization loops [1, 2] . However, in the context of maintenance and lifecycle problem analysis, the product is already designed, the CAD models are not necessarily available and the product behaviour has to be studied and improved during its exploitation. Companies exploiting complex installations are currently subjected to various constraints crucial from a production point of view. They can be relative to the time and cost of the production process stops, to the efficiency of maintenance solutions, to production safety criteria, etc. For example, in the field of power production, it is critical to identify the problem source and to provide the appropriate solution while taking care of the triptych: Time, Quality and Cost. As a reference, for the Electricité de France (EDF) Group, the total cost of one day of stop of a nuclear power station represents several hundreds of thousands of euros.
In this context, it is clear that the optimization of the stop times necessarily goes through the optimization of the time spent for the various numerical simulations (e.g. mechanical resistance assessment, vibration analysis, contra-expertise). Sometime, the model preparation step, including the CAD modelling, the development of complex meshes adapted to specific FE simulations, the accurate identification of the unknown parameters, the prototyping and assessment of the proposed solution can exceed 50% of the time required for the full operational study.
In this paper, we present a new research direction allowing reducing the time of the studies. The newly developed prototyping method does not necessarily go back to the CAD models and set up a framework for the definition of a CAD-less approach. Actually, the idea is to enable direct modification of complex meshes. This approach enables to avoid multiple and time-consuming iterative updatings of the CAD models, as well as the tedious remeshing of potentially complex shapes. Not only it takes into account the geometric aspects, but it also considers the way the semantic information possibly associated to the groups of FE entities can be maintained during the modifications. These semantic data enrich the FE mesh models with information that are classically relative to the defining materials, boundary conditions and external forces. A new algorithm is proposed and enables the merging of triangle meshes while taking into account the boundaries of FE groups. Thus, many underlying problems are circumvented and the time of study is reduced. The proposed approach is particularly efficient in the case of fast prototyping of local structural modifications.
The paper is organized as follows. First, the specificities in the field of production machinery maintenance are presented on some EDF engineering projects (Section 2). The new prototyping framework is also proposed. Section 3 depicts a state-of-theart of the methods enabling local mesh modifications. Based on this analysis, we introduce our new triangle meshes merging approach together with the associated algorithms (Sections 4 and 5). The overall process and algorithms are finally tested on several examples including an example relative to an EDF project (Section 6). The last section concludes this paper while coming back on the achieved results and potential future developments.
From current industrial practices to our fast prototyping framework

Industrial study context
The expertise of problems on production sites corresponds to the analysis of the equipments' normal functioning. Such expertises generally concern planned preventative and/or occasional maintenance of machineries, lifecycle assessments or some improvements of the production equipment behaviours. To avoid the stop of production cells, it is critical to provide quickly the optimized solution and to ensure its effectiveness while conforming to the production safety criteria. In the nuclear field, if local structural modifications are generally allowed, it is not possible to perform global modifications. Moreover, even a small local modification requires product cycle stops and validation expertise done by the safety authorities. Hence, solutions requiring significant modifications inducing long stops of production sites or complete review of a new production cycle are not realized.
Current industrial practices and underlying problems
The preparation of FE analyses is generally carried out while successively building the CAD models, generating the meshes, preparing the simulation models adapted to the adopted FE analysis code. Classically, the evaluation of alternate solutions requires several updates of the initial CAD models [2] .
If this workflow is widespread, its use is not well adapted to the maintenance context. Actually, it requires the access to the CAD model construction tree [3] which is not always possible. Furthermore, some complex meshes adapted to the advanced FE simulation might contain many different entities difficult to model using a CAD approach. They correspond to double mesh entities (e.g. 2D elements, nodes), mesh entity groups to define mechanic/geometric parameters as well as to apply specific mechanical relations or boundary conditions (BCs), specific groups to model a complex phenomenon (e.g. crack, contact problems). If the designer has to go back to the CAD model, he/she loses this specific information that will be redefined later on. Sometime, the CAD models are even not available and redesigning them starting from scratch would be too time-consuming.
To illustrate these limits, let us consider the example of Fig. 1 that presents complex models the EDF engineers have to face. Fig. 1a shows the CAD model of a caisson in which a structural modification has to be performed. According to the traditional prototyping method, this study would include the following steps: (1) development of the complex CAD model which does not exist (Fig. 1a) ; (2) development of an advanced mesh model taking into account different aspects such as mesh quality criteria, mechanical modelling hypotheses (Fig. 1c) ; (3) creation of numerous mesh entity groups on which different FE semantics will be defined in the following step (5). These groups (30 on the example of Fig. 1 ) can be created either manually one by one, or more automatically while using the partitioning of the initial CAD model. This time-consuming step requires a very good skill; (4) tuning/validation of the FE model through experimental results; (5) FE analysis based on the modelling hypotheses and previously defined FE simulation semantics (step 3): description of links between 1D and 3D elements, characterization of the materials and specific geometric/mechanic parameters, definition of BCs and loads; (6) prototyping of the envisaged solution, i.e. an incision of the stiffener in the present case, through an update of the initial CAD model (Fig. 1b) ; (7) going back to the second step in order to evaluate this solution, and so on.
Here, it seems quite clear that going back to the CAD model is not the most appropriate solution. This is especially true when the model contains a huge amount of semantic data. For example, some EDF models can contain up to 500 groups dedicated to the FE analysis as well as particular post-processing. Unfortunately, current commercial CAD systems do not make it possible to automatize the process of enriched mesh modification. Thus, even a small local change necessitates expensive complete updating of the models. Furthermore, the CAD strategy mainly considers the object outer surfaces as ''perfect'' in the sense that it idealizes the real structures. This is not adapted to design ''as-built'' simulation models since all the ''imperfections'' of the real structures are not captured. Meshes are more adapted since they are tuned to better fit what can be measured ''on site''.
A new digital prototyping method
In this paper, we go towards the definition of a CAD-less methodology that works directly at the level of the enriched meshes (Fig. 2) . The idea relies on the removing of the hard steps of CAD modification, remeshing and FE complex model preparation in order to bring local modifications directly onto the initial FE mesh direct FE mesh manipulations while maintaining and potentially transferring the FE semantic data. This process is particularly efficient when prototyping local structural modifications. It also finds interest in the product design preliminary phases where several alternative solutions can be foreseen and simulated.
Using this approach, we somehow introduce a break within the complete digital workflow. If they exist, the CAD models are no longer consistent with the FE models. Anyhow, when the FE meshes become stable after several optimization loops, designers can always update their CAD models, if they exist. In practice, EDF engineers do not spend time to do it since the meshes are much more appropriate to represent the reality measured ''on site''.
To create a real breakthrough in the way designers can manipulate the meshes, at least all the operators working on CAD models [3] should become available for enriched FE meshes: material addition, material deletion and material incision operators. Each operator has to allow keeping and potentially updating the FE simulation semantic data supported by the mesh groups. Unfortunately, current commercial CAD software do not favour such a direct approach. Some CAD systems such as IDEAS r , LMS Virtual.Lab r , SALOME r propose limited functions enabling solely the assembling of particular 2D meshes.
In our prototype software, the geometry and topology of the mesh as well as the groups of FE entities are imported and exported using the.UNV file format of IDEAS r . The semantic information (e.g. boundary conditions, materials) attached to these groups are stored within the.com file format of Code_ASTER r [4]. These choices are not restrictive since all the computations are performed using our own data structure and since the proposed algorithms are not built on top of these file formats.
Merging of enriched triangle meshes
In this paper, we do not pretend to answer all the needs in terms of mesh manipulations. Actually, we have been interested in the definition of a set of models, methods and tools to directly merge two triangle meshes while keeping intact the potentially associated semantic data. More precisely, two different merging modes are here distinguished: the face/edge and face/face modes (Fig. 3) . Two triangle meshes will intersect according to the face/edge mode a b when the intersection interface is made of triangles that intersect significantly, i.e. while forming angles superior to a given threshold. At the opposite, two meshes will be in contact according to the face/face mode when the angles between the triangles involved in the contact are smaller than the threshold. The algorithms developed in this paper enable the merging of two triangle meshes in the face/edge mode, so that the resulting mesh supports the semantic information of the two initial ones.
Related works
Semantic aspects have been widely detailed and exemplified in the Aim@Shape European Network of Excellence [5] . In industrial design, semantic data correspond to all the information used to design and manufacture a product. In FE simulation, they may correspond to the data required to run the simulation: e.g. BCs, thicknesses, materials [6] . Some approaches try to take into account this application-dependent information during the geometric manipulations and modifications. Hamri et al. [7, 8] have proposed an unified framework to process the CAD models and FE meshes through an intermediate polyhedral representation. In their approach, the semantic data are taken into account through the specification of partitions whose boundaries may drive a polyhedral simplification method. This is an interesting example on how semantic information can constrain geometric manipulations. Bronsvoort et al.
have also been working on the integration and maintenance of semantic information during the product modelling process [9, 10] . However, to the best of our knowledge, the preservation and/or transfer of simulation semantics during the merging of triangle meshes has not been addressed yet.
Concerning the manipulation of triangle meshes, tons of works have been undertaken in various fields. Park has proposed an approach for the computation of polygonal extrusions. It is assumed that a 2D sweeping polygon moves in space while its containing plane is kept orthogonal to the tangent direction of the trajectory curve, a planar polygonal chain having no self-intersections [11] . Wang and Yuen have also worked on a 3D mesh extrusion method for intuitive geometric modelling of free-form polygonal models [12] . These approaches are interesting since they bypass the CAD models definition step while working directly on the discrete representations. Hence, it can help the direct definition of basic primitives (e.g. stiffeners, ribs) that could then be used as inputs of our mesh merging algorithm. The direct specification of blends over a mesh, or between two meshes, has been addressed in [13] . The method uses a rolling ball which shapes triangle meshes of arbitrary connectivity. In the context of maintenance, it could help the direct specification of blends representing welding cords. [14] have also proposed a blending method that merges several triangle meshes. This approach gives good results according to visualization criteria. Unfortunately, the fact that the transition surface is hardly controllable reduces its interest in the industrial context. Chouadria et al. have been working on the treatment of contact interfaces to simplify polyhedral assemblies [15] . The faces between interacting objects are identified and specific operators are applied to merge the two parts. However, the shape of their triangles does not have to be equilateral since their models are dedicated to the simulation of assembly/disassembly steps. Actually, all these merging approaches are close to the face/face merging mode (Fig. 3) . Rose et al. have been working on manipulation operators for FE modelling in the automotive industry [16] . They deal with the deformation of FE meshes during the preliminary design phases. Unfortunately, the semantic data associated to the geometric models are not considered as additional inputs constraining the mesh deformation algorithm.
Relatively to the intersection of triangle meshes in the face/edge mode, Smith et al. have been working on a topologically robust algorithm for boolean operations on polyhedral boundary models [17] . The algorithm is based on a succession of interdependent operations ensuring a consistency in the intermediate results to guarantee a correct connectivity. The efficiency of their algorithm still has to be demonstrated on real test cases. Graysmith and Shaw have proposed a method to join two meshes [18] . The algorithm consists in four steps: contact detection, shell construction, element creation within the shell and mesh assembly. However, their method is not adapted to the treatment of meshes of heterogeneous sizes and the quality of the elements in the contact area does not fit the FE requirements. Lira et al. have been working on the computation of potentially multiple intersections between two intersecting meshes [19] . The modifications solely affect the elements directly involved in the intersection. Thus, degenerated triangles, i.e. triangles defined by one or two small angles, may be created. This is not acceptable. The work of Jung et al. focuses on the detection and removal of self-intersections in triangle meshes [20] . But their stitching algorithm does not take care of the resulting triangles shape. This is not acceptable when treating FE meshes. Shark has also been working on the computation of selfintersections without however removing them [21] . The approach of Coelho et al. is quite similar to our in the sense that it detects and removes the intersecting faces before triangulating and smoothing the created holes [22] . Again, this is not adapted to the merging of meshes having heterogeneous triangle sizes. Even if it works on FE meshes, the semantic information are not taken into account as constraints of the triangulation algorithm. Moreover, the Laplacian smoothing that is used to reposition the inserted nodes does not always ensure a valid result [23] . The workflow developed by Shostko et al. is also quite similar to our since it computes the intersection lines, removes the intersecting faces and remeshes the created holes using an advancing front mesh generation method [24] . Here, all the points at the intersection between an edge and a triangle are taken into account which results in degenerated triangles.
As a conclusion, these approaches do not satisfy the whole set of criteria specific to the merging of triangle meshes enriched with semantic information. In this paper, within a CAD-less framework, we overcome these limits while:
(1) paying attention to the quality of the produced triangles that must be as equilateral as possible to avoid forthcoming numeric errors, especially for configurations involving triangles of heterogeneous sizes. Such configurations are handled using an aspect ratio factor to drive some of the geometric manipulations. (2) preserving the initial shapes of the contact interface. This is partially possible thanks to the use of a mesh deformation engine. (3) maintaining the simulation semantics associated to the meshes through the notion of groups of FE entities. The way the groups' boundaries can constrain the geometric modifications is addressed.
Overall enriched meshes merging approach
To be able to treat the face/edge merging mode while satisfying the previously introduced criteria, a generic approach is proposed and illustrated on an academic example representing the intersection between a half-vase and a half-cylinder. Two groups of faces are defined on the half-vase (Fig. 4a) . The details of the algorithm are given in the next section:
(1) contact interfaces are firstly identified while looking for couples of intersecting faces. The intersection points are then computed and gathered together in a set of intersection lines (Fig. 4b) ; (2) intersection lines are then optimized so that the number of nodes as well as their position take into account the size of the surrounding meshes (Fig. 4c) ; (3) contact interfaces are cleaned in an n-ring neighbourhood which depends on the size of the surrounding triangles (Fig. 4d 1 ) . The boundaries of the groups as well as the boundaries of the meshes are preserved. The opened intersection lines are closed by newly inserted edges (Fig. 4d 2 ) . The result is a set of holes that now have to be filled in (6 holes H i in the present case); (4) holes are then triangulated (Fig. 4e) and new points are inserted to create a smooth evolution of the triangles size (Fig. 4f) ; (5) semantic information, corresponding to the groups definition, are reassigned to the newly inserted triangles while propagating the information through the holes boundary (Fig. 4f) ; (6) inserted meshes are finally deformed to recover the shape of the interfaces that have been deleted (Fig. 4g ).
As described in Section 5, the proposed algorithm does not require any action from the user. All the parameters are computed automatically. Therefore, on a user point of view, all the step between the Fig. 4a and g are hidden.
Details of the algorithms
In the rest of the document, Mesh1 and Mesh2 represent the two meshes that have to be merged. 
Contact interfaces detection
This step aims at finding the faces that are potentially in contact. It consists in the detection of intersections between scaled bounding boxes built on each face of Mesh1 and Mesh2 [15] . The bounding box of a face is computed along the parametric directions and scaled with an empiric factor of 1.05 to avoid inaccuracy problems. It results that the number of detected intersections can be greater than the number of real couples of faces in contact. The outputs of this step are two sets F 1 and F 2 containing respectively some faces of Mesh1 and Mesh2. The ith face of F 1 is potentially in contact with the ith face of F 2 . Obviously, since a bounding box of Mesh1 may intersect several bounding boxes of Mesh2, and vice versa, F 1 and F 2 can contain several times the same face.
Intersection line definition
For each couple of faces (f 1, f 2), the intersection nodes between the edges of f 1 and the face f 2 as well as the intersection nodes between the edges of f 2 and the face f 1 are computed. This algorithm is run over the entire sets F 1 and F 2 . It results in two sets N 12 and N 21 of so-called edge intersection nodes (Fig. 5a 1 and a 2 ). See how F 1 and F 2 have been built, some couples of faces contained in F 1 and F 2 may finally not intersect. Thus, the two arrays are updated so that they solely contain the faces really intersecting.
The intersection line construction consists in the definition of the edges connecting the initially isolated intersection nodes. It follows two steps:
(1) Locally: creation of edges between edge intersection nodes located on faces on which there are exactly two edge intersection nodes (Fig. 5b) . Since the faces 1 and 2 own more than two edge intersection nodes, the creation of the connections is postponed to the second step. This is performed independently on the two meshes as illustrated on the two Fig. 5c 1 and c 2 detailing the local configuration of Fig. 5c . Thus, it gives rise to two sets of potentially disconnected polylines (a set for each mesh); (2) Globally: insertion of the polylines of Mesh1 into the polylines of Mesh2. Depending on a set of identified configurations, the nodes of the polylines of Mesh1 can be inserted in the polylines of Mesh2. It may require the creation of new edges. All the nodes are inserted but not all the edges. Actually, solely those edges whose end points are located in the same triangle are preserved. Thus, we obtain a set of polylines defined by multiple branches (Fig. 5d) .
Actually, this two-steps procedure is mandatory when the densities of the two meshes are too different. In this case, it is not possible to build directly all the connections after having merged the whole set of edge intersection nodes.
Intersection line optimization
As shown in the result of Fig. 4b , the intersection between two meshes may lead to an intersection polyline defined by a non-uniformly distributed set of nodes. This situation is even more amplified when the mesh densities are significantly different around the contact interface. Since this polyline is used as a basis for the remeshing of the contact interface, it is mandatory to improve the distribution of nodes such that the inserted triangles are as little degenerated as possible. The optimization works in two steps:
(1) so-called particular nodes of the intersection lines are tagged so that they cannot be deleted or even moved during the optimization; These particular nodes belong to either non-manifold edges, or mesh boundary edges, or group boundary edges or sharp edges (Fig. 6a and c) . Fig. 6b shows the result of this step on the previous example. Fig. 6c shows an example where two groups of faces G 1 and G 2 have been defined. Thus, the node arising from the group boundary edge has to be kept to maintain the semantics potentially associated to the groups (Section 5.6); (2) deletion of classical nodes, i.e. those nodes that have not been tagged in the previous step, according to the edge average length criterion initialized while computing the average length a of the edges of the triangles that have been identified in the array F 1 and F 2 . The overall algorithm works successively on all the branches of the interesting lines. The extremities of these branches can either be an extremity of an intersection line, or an edge intersection node on non-manifold edges, or an edge intersection node located on edges to be kept. Fig. 7 illustrates the treatment of one branch. It shows a ruler whose basic unit is equal to a and the steps of the optimization process. To ease the understanding of the algorithm, the polyline is here deployed and the nodes are spread according to the curvilinear position they have onto the 3D polyline. The ruler is located so that its left extremity matches the 1st extremity. The algorithm optimizes iteratively a segment of two connected edges that are composed by three nodes. If the distance between the first node and the middle node is greater than the average length a , the middle node is moved toward the first node, otherwise the middle node is removed. If the third node corresponds to another extremity of the optimized branch, the middle node is just moved to the midpoint of the 1st and 3rd nodes. The pseudo-code of this algorithm can be detailed as follows:
To optimize this process, and thus obtained equidistant nodes, one could imagine a second iteration that would move the remaining nodes according to a new target length obtained while computing the average length of the edges remaining in the polyline. 
Fig. 7.
Intersection branch optimization according to the a average length criterion. The nodes n 1 and n 6 are considered as particular nodes.
Contact zone cleaning
To prepare the generation of triangles as equilateral as possible, not only the triangles involved in a contact interface have to be deleted, but also those which are in its more or less close neighbourhood. This is especially true when the two meshes that have to be merged own very different triangle densities. For a given intersection line, potentially defined by one or several branches, the notion of neighbourhood is defined increasingly as follows:
-the first neighbourhood of the polyline, or the neighbourhood at the first order, gathers together all the triangles of the contact interface, i.e. all the triangles contained in F 1 and F 2 ; -the second neighbourhood of a polyline gathers together all the triangles defined by at least one node connected to at least one triangle of the first neighbourhood; -by generalizing, the ith neighbourhood of a polyline gathers together all the triangles defined by at least one node connected to at least one triangle of the (i − 1)th neighbourhood of the polyline. If a polyline has no ith neighbourhood, there will be no neighbourhood of higher order.
Given these definitions, it is easy to identify the various neighbourhoods of the intersection lines. Thus, to delete the faces included in an n-ring neighbourhood of N b triangles around an in- To automatize the instantiation of the control parameter N b , a specific algorithm is proposed. It takes into account both the ratio between the densities of the two meshes, which can be more or less equal, and the minimum distance from the intersection line to the boundary of its first order neighbourhood, which can be more or less equal to the half average length a /2. Depending on whether the average lengths of the edges of the two meshes are almost equal or not, two different cases are distinguished. In the first case, i.e. average lengths almost equal, the triangles of both meshes are deleted in an n-ring neighbourhood computed from the analysis of the smallest distance min from the intersection line to the boundary of its first neighbourhood. In the second case, the triangles of the mesh of greatest density are removed in an n-ring neighbourhood equal to 1, whereas the triangles of the mesh of smallest density are deleted in an n-ring neighbourhood defined from the ratio between the half average length a /2 and the smallest distance min . This algorithm does not prevent the creation of asymmetric configurations but it tries to minimize them.
The algorithm can be written as follows:
The ''Round[x]'' operator returns the closest integer to the real ''x''. The function ''Delete[mesh, F, n]'' deletes all the triangles of ''mesh'' included in the neighbourhood of order ''n'' of the intersection line whose first neighbourhood is defined by ''F''. When computing min , the nodes of the intersection line that are on the boundary of the contact interface are not considered. The cleaning algorithm has been run on the two examples depicted on Fig. 8 . Solely the relative position of the two meshes varies from the Fig. 8a i to the Fig. 8b i . The two meshes have the same average edge length.
Quite similarly to the Section 5.3, during the contact faces cleaning, particular edges are preserved and added to the intersection lines identified in Section 5.2. They correspond to either mesh boundary edges, or group boundary edges, or sharp edges or nonmanifold edges (Fig. 8b 2 ) .
Contact zone remeshing
Once the contact zone has been cleaned, the newly created holes have to be filled in. The remeshing works in two steps: (1) identification of sub-holes that have to be filled in. Starting from the identified and optimized intersection polylines, the extremity nodes are first projected onto the hole contour (closest point algorithm) so that all the intersection lines are closed. On the example of Fig. 9 , the two extremity nodes n 1 and n 2 are projected and new edges e 1 and e 2 are inserted to close the intersection lines. Then, the algorithm goes through the polylines data structure to create subsets of polylines forming the contour of sub-holes. On the example of Fig. 9b , four sub-holes are identified. (2) filling of the sub-holes using an adapted and modified version of Liepa's algorithm [25] to answer the FE requirements. Given a hole contour, his algorithm builds iteratively a triangulation so that its area is minimum at each step. If this algorithm is applied to the filling of the holes that have been created on the basic example of Fig. 8b 2 , the resulting triangles are degenerated and some others are flat (Fig. 10a ). This is due to the fact that Liepa's area criterion is not adapted to the triangulation of a planar hole (i.e. a hole whose contour is included in a plan). Effectively, on the example of Fig. 10 , the area of the created triangulations is constant whatever the admissible configurations are. To circumvent these limits, another criterion is here proposed together with its optimization method.
A degenerated triangle is characterized by exactly one or two small angles. To quantify the degeneracy without computing the three angles, we use an indicator introduced to check the quality of FE meshes [26] and defined as follows:
where Q is the aspect ratio of a triangle with α = 2 √ 3 a normalization coefficient so that Q = 1 for an equilateral triangle, h is the longest edge length, S is the area of the triangle and p its half-perimeter. This quality factor belongs to the interval [0, 1]. The limit zero corresponds to flat triangles. It is commonly accepted that a triangulation is a good one, with respect to the FE approximation, if the aspect ratio of the worst triangle is greater than 0.5. Being define this indicator, Liepa's algorithm has been upgraded so that the triangulation maximizes the aspect ratio Q of the triangle inserted at each step (Fig. 10b) . For a complete stateof-the-art of hole-filling algorithms, including some comparisons with a precise set of criteria, the reader is encouraged to refer to [27] .
Using and maintaining the semantic information
Semantic information relative to the FE simulation have already been taken into account as constraints in the previous steps. Actually, groups' boundaries are key elements used to constrain the triangulation (Section 5.5). This is mandatory to be able to reassign to the newly created entities, the semantics surrounding the filled holes (Fig. 4f) . In [28] , we have demonstrated that this approach can be generalized to groups of dimension 0D (points) to 3D (tetrahedron) that potentially overlap. This is made possible thanks to the concepts of Elementary Group and Virtual Group Boundaries.
Here, the semantics available on the initial mesh are maintained in the resulting mesh. Obviously, this operator does not cover all the needs relative to the manipulation of semantic information when merging two FE meshes. The treatment of configurations involving overlapping groups, groups made of nodes as well as other complex configurations used in industrial FE models are part of our ongoing works. In the future, we would like to investigate on those operators that would enable not only the maintenance and inheritance of the simulation semantics but also their propagation. These operators also have to work on configurations where the semantic information can be a function over the mesh and not only a constant scalar value associated to a group of entities.
Optimization of the triangulation
To ensure both a good quality of the triangles with respect to the FE criteria, and a smooth blending of the modified area with the surrounding mesh, two additional steps are required:
-insertion of new nodes at the centroid of some triangles and swap of edges so that the optimized triangulation approximates the density of the surrounding meshes. This is especially interesting when the two meshes own triangles of heterogeneous sizes in the filled area. The algorithm is an adaptation of [29] so that the swap operation is driven by the aspect ratio Q of the concerned triangles. -deformation of the filled area so that the connections between the inner and surrounding meshes satisfies either position, tangency or curvature blending conditions. It also relaxes the position of the nodes so that better triangle shapes are obtained. This step fully exploits the work presented in [27] . It is mandatory when the intersection occurs in a non-planar area (Fig. 4g) . A linear mechanical model of bars network is used to approximate the curvature evolution between the inserted and surrounding meshes. The deformation is obtained while minimizing a quadratic objective function. Thus, following the modules of Sections 5.5 and 5.7, the holes are filled in while satisfying both a criterion relative to the shape of the deformed triangles (sizes and orientations) and a criterion relative to the quality of the blending between the inserted and surrounding meshes. More precisely, our approach produces a deformation that minimizes the curvature variation over the mesh. The result is obtained while solving a system of linear equations which is interesting on a computational point of view since it is faster than other approaches found in the literature [27] .
Results and application to FE analysis
The first example shows the merging of the scanned model of a hand with the scanned model of a thumb (Fig. 11a) . This result shows that using appropriate thresholds to decide whether the nodes of the intersection line have to be kept or not (Section 5.3), the risk to obtain aliasing effects along the intersection line is minimized. The second example illustrates a configuration where the two meshes intersect smoothly, i.e. with no sharp intersection (Fig. 11b) . The third example is used to illustrate how the developed approach can be used to merge non-manifold meshes (Fig. 11c) . First, a part of a sphere is merged with a plane thus producing non-manifold edges along the intersection line. This model is then merged with a second plane.
Actually, most of the algorithms developed for the face/edge merging mode can be adapted to treat the face/face mode (Fig. 12) . In this case, no intersection lines are computed. The contact interfaces gather together couples of faces that are in a close neighbourhood. More precisely, two faces belong to a couple of faces when the distance between them is smaller than a threshold, and when the angle between the normals is in between two thresholds. On the example of Fig. 12 , the thresholds are defined by the user. Once these triangles are deleted, the created holes are filled in while using an adapted version of our hole-filling algorithm. Indeed, in this mode, the holes to be filled in are defined by several boundaries. However, the transfer of semantic information potentially attached to these two meshes is much more difficult in the face/face mode than in the face/edge one. This aspect has not been treated yet. Table 1 gathers together the values of the aspect ratio Q ' (min, max and mean) in both the initial and merged configurations of the various examples. It shows that the quality of the merged models is very close to the quality of the initial models which is mandatory when performing multiple and successive operations.
Finally, the proposed approach has been tested and validated on an EDF operational project. More precisely, this caisson had to be rigidified by inserting several stiffeners in the appropriate directions. Fig. 13a represents a possible solution to solve this problem. Both the static and dynamic behaviours of the structure are improved. Fig. 13 shows how the multiple input meshes (Fig. 13a) are treated to obtain a single mesh while keeping intact the semantic information (Fig. 13e) . The different colours represent the group assignments. The algorithm first detects the contact interfaces, computes the intersection lines, optimizes the number of intersection nodes and cleans the contact interface ( Fig. 13b and  c) . Here, the meshes are of homogeneous sizes and the cleaned area has an n-ring neighbourhood of one. Thus, for each newly inserted stiffener, 22 holes appear on the caisson and 7 on the stiffener. These holes are then filled in using the newly developed quality criterion (Fig. 13d) and the group assignments are maintained onto the newly created elements (Fig. 13e) . The nodes are finally relaxed using our deformation engine [27] .
Here, our CAD-less approach is compared to the one which consists in performing the modifications on the CAD model (redesigned starting from scratch):
• Qualitative comparison of the time necessary to optimize the number, the size and the position of the stiffeners. On the one hand, our method requires two main steps: development of the stiffeners 2D numerical model, and merging of the two 2D meshes while maintaining automatically the semantic information to the resulting mesh. Alternate configurations can be tested directly onto the initial mesh without going back to the CAD model. On the other hand, the use of the classical method requires four steps: design of the caisson's and stiffeners' CAD models, assembling of the two CAD models, meshing of the resulting CAD model and transfer of the simulation parameters from the ''dead'' mesh to the new mesh. Since the initial CAD model of the caisson did not exist in this project, the use of the classical method had required its design starting from scratch, which is a time-consuming task. In addition, the evaluation of different positions and sizes of the stiffeners requires several loops of CAD modifications, meshing, transfer of semantic data which does not tend to reduce the time of the study.
• Quantitative comparisons of the FE analysis results using Code_ ASTER r [4] for the simulation and SALOME r [30] to postprocess the results. The first results concern the analysis of the mechanical resistance of the structure under exploitation conditions. The caisson is subjected to an internal pressure and rigidified using the added stiffeners. Fig. 14a and b show a cartography of the von Mises stress for each of the two prototyping methods. Table 2 summarizes the statics analysis results. In both case, the internal pressure of the rigidified caisson involves a stress concentration phenomenon. Thus, the small difference between the maximal values of equivalent stress constraints evaluated at the geometrical singularity locations was predictable. The von Mises stress at the other locations is very similar in both cases. The maximal relative error, obtained when comparing the stress of the new method to the a b stress of the reference solution, is about 7% which is acceptable for fast industrial studies.
The second results concern the study of the dynamics behaviour induced by vibration forces due to turning machines usually present on power production centres. Such an analysis enables to verify if the locally modified structure does not generate resonance phenomena during its dynamics excitation. The Fig. 15 shows some natural modes of the modified caisson resulting from a modal FE analysis starting from the CAD models. Table 3 summarizes the dynamics analysis results. The frequencies obtained using the proposed prototyping method are very close to those of the reference solution. The relative errors between the frequencies computed with the new and older mesh assembly methods are null, which is perfected for operational studies. Moreover, no mode has been lost in the considered band, which is crucial for the analysis of large-size structures in the low-frequency domain. Finally, one can notice that the conform assembly of independent meshes using the proposed merging method does not introduce complementary specific BCs on the level of the connections of the new mesh components to the initial structure, which is another usually used industrial practice. Geometrically conform mesh assembly makes it possible to model accurately the mechanical behaviour of the structure, i.e. to avoid a phenomenon of local over/under-rigidification of the structure. The taking into account of meshing quality criteria (e.g. equilateral elements and sufficient smoothness of the mesh) improves the simulation result that allows converging to the exact solution of the problem. This aspect is critical for operational engineering projects taking into account particular requirements like safety and normal functioning of power product installations.
Conclusion
A new approach to the merging of enriched FE triangle meshes has been proposed and validated through a set of industrial test cases. This paper contributes to the specification of a CAD-less approach that does not need to go back to the CAD model during a shape optimization loop. Indeed, the required shape modifications are directly performed onto the FE meshes enriched with semantic information relative to the FE simulation. Thus, not only the geometric aspects are taken into account while optimizing the mesh conformity and quality of the produced triangles (shape of the triangles and connections between them), but also the semantic information (e.g. FE groups defining boundary conditions, heterogeneous materials and link relations) are considered as key parameters used to drive the geometric modifications. Actually, the geometric operators embed some knowledge relative to the way the semantic data have to be treated. In this paper, we pointed out that the boundaries of the FE groups play a key role in the maintenance of the semantics during the geometric operations. Finally, the merging of the meshes is performed while maintaining the semantics potentially associated to a set of groups located in the area to be merged. In this paper, solely the preservation semantic operator is proposed to maintain the semantics during the modification of the geometric model and solely the merging geometric operator is defined and illustrated.
Such high level modification capabilities are of major importance in all the engineering activities requiring fast modifications of meshes without going back to the CAD model. This is especially true in the context of industrial maintenance where the engineers often have to solve critical problems in very short time. Hence, the structural modifications are not anymore performed on the CAD model, but directly on the meshes enriched with simulation semantics. The advantages of such a method have been demonstrated through examples coming from EDF industrial projects. It shows that the newly developed strategy helps the fast prototyping of alternate solutions without having to think too much to the low level modifications of the CAD models.
Moreover, the proposed approach circumvents the problems that may arise if no CAD model of the structure is available. This happens when the maintenance of the installations/products has to be made by a company different from the one which has designed them.
Finally, we pointed out that a CAD model mainly considers the object as perfect. This does not correspond to the reality that can be measured ''on site''. When simulating real structures, the FE models (including the meshes) are always tuned to better fit to the physical model (e.g. lasers, accelerometers are used to tune the FE models). Thus, FE models can somehow better capture the ''imperfections'' of the physical structures. Actually, the gap between the physical and digital mock-up is smaller when considering tuned FE models than with CAD models made of ideal elements (e.g. planes, cylinders). As a consequence, going towards the definition of a CAD-less approach seems promising to be able to perform ''as-built'' complex simulations.
In the future, we intend to extend this work to the other types of FE mesh. The new research directions concern the definition of manipulation operators working on 3D enriched mesh (e.g. tetrahedral). We foresee to embed inside the operator definition some automatic rules, as well as semi-automatic ones, to capture the knowledge and know-how of the simulation engineers, notably those relative to the transfer of semantics during mesh modifications.
